Bullvalene is a structurally unique dynamic molecule thought to interconvert among 1.2 million degenerate isomers. The incorporation of different chemical substituents onto the bullvalene core should lead to a "shape-shifting" molecule that can interconvert among thousands of discrete structural isomers. Previous NMR spectroscopy and HPLC studies on substituted bullvalenes ascertained the fact that these compounds are dynamic, but they could not attest to whether the molecules are only interconverting among only a few isomers or if a multitude of structures are being accessed. Here we confirm the remarkable shape-shifting property of a tetrasubstituted bullvalene by means of a racemization experiment. We show that a single, though fleeting, chiral, enantioenriched tetrasubstituted bullvalene isomer can spontaneously equilibrate to a racemic population of dynamic compounds. Despite the fact that conversion from one enantiomer of a bullvalene isomer to the other may require dozens or even hundreds of rearrangements and involve many potential pathways, CD spectroscopy and HPLC analysis of different bullvalene populations showed that multiple pathways exist and result in the complete racemization of an initial enantioenriched chiral bullvalene. These oligosubstituted bullvalenes represent a very rare example of an entity that can spontaneously transform itself into different discrete structures using ambient thermal energy. The confirmation that these shape-shifting organic molecules are chemically robust yet structurally dynamic is an important step toward their further use as materials, sensors, and biologically active compounds. cope rearrangement | complexity | interconversion network
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Lacking from the canon of shape-shifting structures is a selfcontained small molecule with the ability to transform its shape and properties in response to stimuli or its environment. Inspired by the intense interest in and challenge of shape-shifting, we have explored a class of organic molecules that can spontaneously change their structure through low-barrier molecular rearrangements. Such molecules would find use as adaptable molecules in binding interactions, chemical sensing, and the development of materials with unique properties (12) (13) (14) . For the synthesis and applications of such molecules, we have built on the pioneering work of Doering and Schröder, who designed bullvalene 1 (Fig. 1) as a small (10 carbons and 10 hydrogens) organic molecule that can spontaneously interconvert among 1.2 million degenerate isomers through strain-assisted Cope rearrangements (15, 16) . The replacement of hydrogens on this bullvalene core with substituent groups should result in dynamic, "shape-shifting" organic molecules (17) (18) (19) (20) (21) (22) (Fig. 1) . We have recently developed a rational synthesis of oligosubstituted bullvalenes that allows for the incorporation of diverse pendant groups (23) (24) (25) . NMR and HPLC investigations supported our assertion that these molecules are dynamic but did not ascertain if the structures are true shapeshifting molecules that freely rearrange their pendant groups or merely oscillate between a few discrete states without accessing the many other theoretically possible structural isomers.
In this paper we document the experimental demonstration that oligosubstituted bullvalenes are chemically stable but topologically dynamic organic molecules by the preparation and racemization of a chiral, enantioenriched bullvalene. This study presents an unusual example of a chiral object that can undergo racemization even though the interconversion between enantiomers may require dozens or even hundreds of discrete steps and many different pathways are possible. We show that not all of these isomerization pathways are equally facile, and racemization via some may be energetically prohibited. Despite this, accessible pathways exist for the racemization of the initial chiral, enantioenriched bullvalene isomer.
Results
In order to study the racemization of a chiral bullvalene, we sought to prepare an enantioenriched oligosubstituted bullvalene and monitor its optical activity by means of CD spectroscopy. Any single bullvalene isomer has the opportunity to spontaneously undergo one of the three possible Cope rearrangements. In this manner, the initial enantioenriched bullvalene isomer will eventually transform into a population consisting of different isomers through successive rearrangements. If racemization does not occur, the bullvalene sample should maintain CD activity. On the other hand, if racemization does occur, we would expect to observe no signal in the sample's CD spectrum. Entropic considerations mandate that racemization would eventually occur provided that the molecules do not undergo decomposition, so successful racemization would also be an indication of robust- This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: bode@org.chem.ethz.ch.
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ness. It would also provide a qualitative measure of the time needed to reach population equilibrium. However, we could not anticipate whether this process would be fast or if extensive periods of time would be required for isomer equilibration. It is also possible that the activation energy for many of the rearrangements exceeds the available energy at room temperature. This would result in a limited dynamic population of isomers that may not be completely racemized.
The preparation of a single enantiomer of a single isomer of a dynamic molecule and the assessment of its enantiopurity presents a daunting synthetic and analytical challenge. At the outset of our study, we did not consider it feasible to isolate a single bullvalene isomer from the dynamic population of shape-shifting structures or determine its enantiopurity by HPLC or GC on chiral columns. Therefore, we needed to identify an immediate precursor to a single, chiral oligosubstituted bullvalene isomer that could be prepared as a discrete, static, and enantioenriched structure. Our previous approaches to oligosubstituted bullvalene synthesis involved a precursor that was meso (23) and therefore not suitable for the preparation of a chiral bullvalene. Considering all the desirable properties of an appropriate molecule for this study, we decided to develop a route to synthesize a static bullvalone with three different substituents (Fig. 2) . The enantioresolution of this racemic bullvalone, followed by the trapping of its enolate, would provide access to a chiral bullvalene with four different substituents in a single step (Fig. 2) . In order to use the racemization of the bullvalene population as an observable indication of the dynamics of the bullvalene, it is important that virtually all of the discreet isomers are chiral. The bullvalene population that may result from the rearrangement of the initially formed tetrasubstituted bullvalene consists of a theoretical 1,680 discrete structural isomers. All of these are chiral except for 24 meso isomers. This molecular design and experimental strategy also has the advantage of providing access to both enantiomers of the starting chiral bullvalene.
Our synthesis of a racemic, static bullvalone was achieved by the addition of phenyl Grignard reagent to the previously described triketone 2 (23) followed by elimination, allylation, and further elimination to give chiral bullvalone 3 (Fig. 3) . The structure of the resulting product was determined through extensive 2D-NMR experiments to be rearranged isomer 3, rather than the expected product 4, a consequence of working with shapeshifting molecules and their immediate precursors. Bullvalone 3 proved to be a racemic, static compound that was resolved by chiral HPLC to give two enantiomers that were optically active and gave mirror image CD spectra.
One of the isolated bullvalone enantiomers, (+)-3, was converted to a dynamic bullvalene through enolate formation and trapping to give enol carbonate 5 (Fig. 4A) , which we expected to be a dynamic molecule that intercoverts among up to 1,680 discrete isomers. Rough purification of the products of this reaction gave a mixture of molecules that exhibited a residual CD signal of the same sign as the starting bullvalone enantiomer (Fig. 4B) . This material was subjected to normal-phase preparative HPLC and a chiral impurity was found (fraction a in Fig. 4B ) that displayed a CD spectrum consistent with that of the material analyzed prior to HPLC purification (Fig. 4C) . The remainder of the HPLC trace was characterized by a complex set of peaks of similar profile to a prior study from our group on the chromatographic analysis of oligosubstituted bullvalenes (25) . Four dynamic bullvalene fractions (b-e) were collected from the HPLC separation and individually analyzed by CD spectroscopy and analytical HPLC (Fig. 4C) .
If the chiral bullvalene underwent complete racemization, we would expect each fraction collected from the preparative HPLC to (i) display no detectable CD signal and (ii) give the exact same HPLC profile as every other fraction upon subsequent analysis. For fractions b and c, this proved to be the case. However, fraction d showed a residual CD signal and a slightly different HPLC profile when analyzed 10 h after the reaction. After 24 h, the CD signal of this fraction had disappeared and its HPLC trace became normal (Fig. 4D) . In contrast, fraction e maintained a strong CD signal 10 h after the reaction, and HPLC analysis at that time revealed a higher than usual proportion of fraction e (Fig. 4C) . This indicates the molecules contained in fraction e are dynamic but equilibrate more slowly than those contained in fractions b-d. The residual CD signal of fraction e gradually decreased with a concomitant normalization of the HPLC profile* (Fig. 4D ). This series of experiments was conducted using both enantiomers of the starting bullvalone on two different CD spectrometers with identical results, except for the sign of the CD signal of the static chiral impurity and of the shortlived residual CD signal in fractions d and e.
Discussion
The rearrangement of bullvalene is a complex subject that has been studied as part of the mathematical discipline of combinatorics and graph theory (26) (27) (28) (29) (30) (31) . Such a complex, dynamic net- Fig. 1 . Incorporation of substituents onto bullvalene leads to a shapeshifting molecule as it alters the arrangements of its groups around the core of the molecule. Fig. 2 . Plan for the synthesis of a chiral bullvalene. work resembles those commonly encountered in society and nature (e.g., social networks, transportation networks, metabolic pathways, etc.) (32) (33) (34) . If only structural rearrangements are considered, the bullvalene network can be represented by a binary tree-like diagram, where the nodes are structural isomers and the lines connecting the nodes are Cope rearrangements (Fig. 5) . Such network topology would provide a map of all possible isomers and their interconnections via rearrangements. Lacking from the network shown in Fig. 5 , however, is the energy dimension that governs the dynamics of the system. The activation barrier of each rearrangement determines which isomers are accessible as well as the rates of these rearrangements (35) . Therefore, out of the three possible rearrangements for each specific bullvalene isomer, the choice of its present and subsequent rearrangements is dependent on the energy barriers encountered. In addition, within its kinetically accessible isomers, the thermodynamic stability of these isomers determines the equilibrium distribution.
The racemization of a chiral bullvalene requires the formation of an equal distribution of enantiomeric partners of all energetically present isomers from a single enantioenriched starting isomer. If the molecule is sufficiently dynamic and chemically robust, entropic considerations mandate that racemization takes place. Unlike epimerization commonly found in tetrahedral carbons or atropisomerization, however, the interconversion of one bullvalene enantiomer to the other may require dozens or even hundreds of Cope rearrangements (see Fig. 5 ). Should the barrier to one of these rearrangements exceed the available energy at a given temperature, this pathway will be blocked. There exists, however, an unusually large number of potential pathways for the interconversion of any two enantiomers. Our results are most consistent with a system in which the majority of rearrangement pathways are accessible but which possesses some metastable isomers that while dynamic, encounter a region of higher activation energies requiring them to convert first to a different structural isomer before continuing rearrangement. This results in a transient enantioenriched domain with a relatively long half-life, i.e., a dead end on the path to racemization. The fact that racemization eventually occurs for all isomers in the present study confirms that the molecule is dynamic and chemically robust;
i.e., degradation of certain isomers to static byproducts does not occur.
Conclusion
Taken together, these observations provide compelling evidence that bullvalene 4 and related compounds we have previously prepared are both exceptionally dynamic and chemically robust. Any initial structure will equilibrate to a population of structural isomers that are kinetically accessible, although the equilibrium population at any moment will reflect the relative energy differences of the many discrete structures. As we continue the deployment of these unique shape-shifting molecules as chemical sensors and probes, this information about chemical robustness, different rates of structural interconversion, and the potential of islands of preferential stability will be crucial to the design of both molecules and applications. Furthermore, we expect that these molecules will have unique spectral and chemical properties that merit further investigations.
Methods
Chiral bullvalone (+)-3 (96.5% enantiomeric excess, 12.0 mg, 0.036 mmol) was dissolved in THF (2.5 mL) and cooled to −78°C. After 15 min, LiHMDS (1 M in THF/ethyl benzene, 126 μL, 0.126 mmol) and isobutyl chloroformate (46 μL, 0.36 mmol) was added dropwise sequentially at −78°C. After 1 h, the cooling bath was slowly removed and the reaction was allowed to warm to room temperature (RT). The reaction was quenched after 1 h with 1.5 mL NH 4 Cl (aq), diluted with water, and poured into EtOAc. The reaction mixture was extracted with EtOAc (3 × 20 mL), washed with brine, dried over Na 2 SO 4 , and the solvent was concentrated under reduced pressure. Purification by flash column chromatography (EtOAc:Hex 1∶9) obtained bullvalene 5 (6.2 mg, 40%). The CD spectrum of 5 was recorded in CH 2 Cl 2 (Fig. 4B) . To investigate the CD activity further, column purified 5 was subjected to Prep HPLC separation (Alltima Silica column, 250 × 22 mm ID, IPA:Hex 2∶98, 10 mL∕ min flow rate), and the fractions highlighted in colors in Fig. 3B were collected separately. The CD spectra and analytical HPLC traces of each fraction were recorded (Fig. 4C) . For fractions d and e, which have small residual CD signals, they were concentrated and dried under vacuum. After standing at RT for 24 and 31 h after racemization experiment, the CD spectra and analytical HPLC trace of fractions d and e were recorded again, respectively (Fig. 4D) .
For complete experimental procedures and full characterization of bullvalene 5 and its intermediates, see SI Appendix. 
